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ARTICLE INFO ABSTRACT

Keywords: Efficient delivery of antiretroviral agents to lymph nodes is important to decrease the size of the HIV reservoir
Lamivudine within the lymphatic system. Lamivudine (3TC) is used in first-line regimens for the treatment of HIV. As a highly
Chylomicrons

hydrophilic small molecule, 3TC is not predicted to associate with chylomicrons and therefore should have
negligible uptake into intestinal lymphatics following oral administration. Similarly, negligible amounts of 3TC
are predicted to be transported into peripheral lymphatics following subcutaneous (SC) injection due to the faster
flow rate of blood in comparison to lymph. In this work, we performed pharmacokinetic and biodistribution
studies of 3TC in rats following oral lipid-based, oral lipid-free, SC, and intravenous (IV) administrations. In the
oral administration studies, mesenteric lymph nodes (MLNs) had significantly higher 3TC concentrations
compared to other lymph nodes, with mean tissue:serum ratios ranging from 1.4 to 2.9. However, cells and
chylomicrons found in mesenteric lymph showed low-to-undetectable concentrations. In SC studies,
administration-side (right) draining inguinal and popliteal lymph nodes had significantly higher concentrations
(tissue:serum ratios as high as 3.2) than corresponding left-side nodes. In IV studies, lymph nodes had lower
mean tissue:serum ratios ranging from 0.9 to 1.4. We hypothesize that following oral or SC administration,
slower permeation of this hydrophilic molecule into blood capillaries may result in considerable passive 3TC
penetration into lymphatic vessels. Further studies will be needed to clarify the mechanism of delivery of 3TC
and similar antiretroviral drugs into the lymph nodes.

Intestinal lymphatic transport
Mesenteric lymph nodes
Peripheral lymph nodes

HIV reservoirs

1. Introduction Current antiretroviral therapy (ART) regimens consist of a combi-

nation, or “cocktail,” of drugs, which usually includes an integrase

First identified in 1983, human immunodeficiency virus (HIV) af-
fects an estimated 39.0 million people worldwide as of 2022 (UNAIDS,
2023). HIV is a retrovirus that targets CD4 + T-cells in order to replicate,
which ultimately results in cell death. If left untreated, HIV infections
can progress into acquired immunodeficiency syndrome (AIDS), which
is characterized by a severely weakened immune system, leaving pa-
tients vulnerable to opportunistic infections that may become life
threatening.

strand transfer inhibitor and two nucleoside reverse transcriptase in-
hibitors (NRTIs). The World Health Organization (WHO) HIV treatment
guidelines’ preferred first-line regimen consists of a combination of
dolutegravir with lamivudine (3TC) or emtricitabine and tenofovir dis-
oproxil fumarate (TDF). United States HIV treatment guidelines include
dual-therapy of dolutegravir and 3TC as acceptable first-line therapy in
individuals who have undergone genotypic resistance testing for reverse
transcriptase with RNA < 500,000 copies/mL, and confirmed lack of
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hepatitis B coinfection. This research focuses on one of the drugs
currently approved for first-line therapy, 3TC, an NRTI which inhibits
transcription of viral ribonucleic acid (RNA) to deoxyribonucleic acid
(DNA).

While treatment for HIV has come a long way since the 1980’s, a cure
for HIV remains elusive due to the early formation of the HIV latent
reservoir. It is primarily found in lymphoid tissues, with a large reservoir
formed in gut-associated lymphoid tissues (GALT), although other tis-
sues such as the brain, spleen, or lungs also contribute (Estes et al.,
2017). Unfortunately, the HIV reservoir can persist despite long-term
drug treatment (Chun et al., 2008). This may be because despite viral
loads being suppressed in blood, low levels of replication (Yukl et al.,
2010) and clonal expansion (Yeh et al., 2021) occur in these viral res-
ervoirs, between which there may be some cross-infection (Chun et al.,
2008). These reservoirs, found in various tissues, are most likely
responsible for viral rebound when successful ART is discontinued.
Because the lymph nodes are one of the main tissues that harbor HIV
reservoir (especially prior to initiation of ART (Estes et al., 2017)), and
as viral reproduction in this tissue is thought to be due to poor pene-
tration of ARVs into lymph nodes (Scholz and Kashuba, 2021), this study
focused on lymph nodes.

Early delivery of ART to sites of HIV replication, such as the lymph
nodes during acute infection, can influence the size of the HIV latent
reservoir (Vanhamel et al., 2019). As lymph nodes exhibit low-level HIV
replication despite viral suppression by ART in plasma (Fletcher et al.,
2014; Licht and Alter, 2016), it is important that these sites have suffi-
cient exposure to drug therapy. In addition, sufficient drug delivery to
sites of the latent reservoir can aid novel potentially curative strategies
such as shock-and-kill (Niihn et al., 2022) or block-and-lock (Li et al.,
2021).

Due to the one-way flow of the lymphatic system, drugs transported
directly into the intestinal lymphatics following oral administration will
end up flowing through the mesenteric lymph nodes, mesenteric lymph
duct, retroperitoneal lymph nodes, cisterna chyli, thoracic duct and ul-
timately drain into blood circulation via the left subclavian vein (Tilney,
1971). In the periphery, intramuscular or subcutaneous (SC) injections
can be drained by various lymph nodes throughout the body depending
on the site of injection (Tilney, 1971). These lymph nodes can be further
drained by subsequent nodes, and lymph is ultimately returned to blood
circulation through the right lymphatic duct or thoracic duct emptying
into the right or left subclavian vein, respectively (“Components of the
Immune System,” 2014). As a consequence of this, both oral and SC/
transdermal administration approaches for targeting intestinal and pe-
ripheral lymphatics, respectively, could be beneficial to ensuring high
concentrations of drug in lymph nodes throughout the body.

The intestinal lymphatic system is responsible for transporting
ingested fat-soluble vitamins and dietary lipids via incorporation into
large lipoproteins called chylomicrons (Null and Agarwal, 2022), which
are produced in intestinal epithelial cells. Drugs can take advantage of
this mechanism and an increased amount of drug can be transported
directly into gut lymphatics as opposed to blood following oral admin-
istration. In order for a drug molecule to associate with chylomicrons, it
should be highly lipophilic, generally with a log D74 > 5 and a tri-
glyceride solubility > 50 mg/mL (Charman and Stella, 1986), as well as
exhibit a number of other physicochemical properties (Gershkovich
et al., 2009). As 3TC is a very hydrophilic nucleoside analogue, its as-
sociation with chylomicrons, and therefore transport into mesenteric
lymph nodes (MLNs) following oral administration by this mechanism,
is expected to be extremely low. However, some recent studies did show
relatively high concentrations of hydrophilic drugs in intestinal lym-
phatics following oral administration (Burgunder et al., 2019; Garzon-
Aburbeh et al., 1986; Labarthe et al., 2022). This is surprising as these
hydrophilic molecules are expected to have low-to-no association with
chylomicrons. However, as these studies have not compared intestinal
and peripheral lymph node concentrations, it is unclear if these high
concentrations are due to direct intestinal transport or due to
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redistribution of drug from blood.

In peripheral lymphatics, small molecules like 3TC should, theoret-
ically, preferentially transport into blood capillaries when administered
intramuscularly, SC, or transdermally due to the much faster flow rate of
blood compared to lymph fluid (Permana et al., 2021; Yang and Forrest,
2016). As a result, concentrations in draining peripheral lymph nodes
are expected to be low. One recent study found high concentrations of
small molecule anti-HIV nucleoside analogues tenofovir alafenamide
(TAF) and TDF in various lymph nodes following SC injection (Dyavar
etal., 2021). However, lymph nodes analyzed in that study were pooled,
and therefore patterns of drug drainage in lymph could not be tracked.

Therefore, the aim of this study was to assess the pharmacokinetics
and distribution of 3TC into various lymph nodes following oral, intra-
venous (IV), and SC administrations.

2. Materials and methods
2.1. Materials

3TC (CAS: 134678-17-4, Batch: CAT6499-2) was purchased from
ChemShuttle (Hayward, CA, USA). Synthetic cannabidiol was purchased
from THC Pharm (Frankfurt, Germany). Intralipid®, propylene glycol,
sesame oil, Dulbecco’s phosphate buffered saline, potassium bromide,
glacial acetic acid, and phosphate-buffered saline (PBS) tablets were
purchased from Sigma-Aldrich (Merck, St. Louis, MO, USA). High per-
formance liquid chromatography (HPLC) grade ammonium acetate and
methyl tert-butyl ether (MTBE) were purchased from Honeywell
(Charlotte, NC, USA). HPLC grade methanol and acetonitrile (ACN) were
purchased from Fisher Scientific (Hampton, NH, US). Pooled male
Sprague-Dawley rat plasma was purchased from Sera Laboratories In-
ternational Ltd (West Sussex, UK). Next Advance (Troy, NY, USA) green
RINO® bead lysis kits were purchased from Thistle Scientific (Glasgow,
UK).

2.2. Bioanalytical methods for determination of 3TC

All biological samples (plasma, lymph tissue homogenates) under-
went the same sample preparation process. Proteins were precipitated
by adding 450 pL of cold (-20 °C) ACN to 150 pL of sample and 15 pL of
internal standard (IS) solution (50,000 ng/mL cannabidiol (CBD) in
methanol). Samples then underwent further extraction by adding 4.5 mL
of MTBE, vortexing for 10 min, and subsequent centrifugation at 1160 g
at 10 °C for an additional 10 min. All liquid was collected and evapo-
rated to dryness under nitrogen at 40 °C (Techne Dri-Block Heater DB-
3D, Cambridge, UK). Samples were reconstituted with 100 pL of 40%
methanol in water (v/v) and transferred into HPLC vials.

All samples were analyzed using an HPLC system equipped with a UV
detector (Waters Alliance 2695 & Waters 996 Photodiode Array Detec-
tor, Waters, Milford, MA, USA). Separation was achieved using a Waters
Atlantis dC18 Column, 5 pm particle size, 4.6 x 250 mm (Waters, Mil-
ford, MA, USA) at 45 °C. The autosampler was kept at 5 °C and 40 pL of
the sample was injected into the HPLC system.

The gradient mobile phase (Table 1) consisted of ammonium acetate
10 mM buffer adjusted to a pH of 6 with acetic acid in the A line and
methanol in the B line. The flow rate was set at 0.6 mL/min. The
chromatographies were monitored at 270 nm for 3TC and at 236 nm for

Table 1
Gradient mobile phase conditions for elution of 3TC and CBD.

Time (min) Mobile Phase (Ammonium acetate buffer:Methanol)
0-17 88:12

17 - 22 88:12 to 10:90

22 -32 10:90

32-37 10:90 to 88:12

37-43 88:12
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IS (CBD). The retention times of the analytes were 16.6 and 32.7 min for
3TC and CBD, respectively.

Calibration curves were prepared using the same matrix as the
samples being analyzed except for lymph fluid samples, in which blank
rat plasma was used.

2.3. Partial validation of HPLC-UV method

Linearity of calibration curves, the limit of quantification (LOQ), and
accuracy and precision were determined following the guidance of the
Food and Drug Administration (FDA) Bioanalytical Method Validation
(Food and Drug Administration, 2018). Briefly, a calibration curve was
prepared with five replicates of the LOQ calibrators. To confirm accu-
racy and precision, the observed concentrations for at least five LOQ
calibrators would need to have < 20% error relative to the nominal
concentrations with a coefficient of variation (CV) < 20%. To validate
the linearity of the calibration curve, all other calibrators would need to
show < 15% relative error.

The LOQ and low, medium and high quality controls (QCs) were run
in five replicates on three different days for validation of the assay’s
inter-day accuracy and precision. The relative error would need to be <
20% for the LOQ and < 15% for the other QCs to confirm inter-day
accuracy. The CVs were also calculated for each concentration, and
would need to be < 20% for the LOQ and < 15% for the other QCs to
validate the method’s inter-day precision.

2.4. In silico prediction of association with chylomicrons

The extent of association with chylomicrons was predicted using a
previously described in silico model (Gershkovich et al., 2009). 3TC’s
structure was loaded into ACD/I-Labs, and the corresponding physico-
chemical properties were then incorporated into the in silico model to
obtain values that predicted affinity to chylomicrons.

2.5. Invitro and ex vivo association with Intralipid® and natural rat
chylomicrons

3TC association with chylomicrons was determined using previously
described methods with both Intralipid® and natural rat chylomicrons
adjusted to 1 mg/mL triglyceride concentration (Beckman Instruments,
1989). Briefly, 3TC was stirred and incubated in diluted Intralipid® or
rat chylomicrons for one hour at 37 °C. This mixture was then trans-
ferred to a 12 mL polyallomer ultracentrifuge tube and a density
gradient was layered on top, followed by ultracentrifugation (SORVALL
Ultracentrifuge, TH-641 Rotor, 268,350 g, 35 min, 15 °C). The upper
white chylomicrons layer was then collected and analyzed by HPLC-UV
for drug content.

2.6. Triglyceride solubility

The solubility of 3TC in triglycerides was determined using sesame
oil as a representative vehicle for long-chain triglycerides. An excess of
3TC was added to 100 pL of sesame oil and stirred at 37 °C for 72 h in
triplicate. The mixtures were then filtered in Costar Spin-X Centrifuge
Tubes (Fisher Scientific, Loughborough, UK) for 5 min at 2400 g. The
filtrate was then diluted 10 times in acetone, another 10 times in ethanol
and a further 10 times in methanol. The final dilution was analyzed for
3TC levels by means of HPLC-UV.

2.7. Animals

Animal welfare and all experimental procedures were reviewed and
approved by the University of Nottingham Ethical Review Committee
under the Animals [Scientific Procedures] Act 1986. Male Sprague-
Dawley rats ranging from 300 to 350 g, purchased from Charles River
UK, were used for all in vivo studies. They were housed at the Bio Support
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Unit, University of Nottingham. Animals were kept in an environmen-
tally controlled room (12:12 h light-dark cycle) with free access to food
and water for at least four days for acclimatization before starting any
procedures.

2.7.1. Pharmacokinetics studies

The right jugular vein of each rat was cannulated under inhaled
anesthesia (2.5% isoflurane in oxygen) with polyethylene (PE-50)
tubing equipped with soft silastic ending and allowed two days for re-
covery prior to pharmacokinetics studies. Cannulas were flushed with 1
mL/kg of 100 IU/mL heparinized saline the morning after surgery and
evening of fasting. Rats were fasted overnight prior to the start of the
study and were allowed free access to water at all times. Rats were fasted
for a maximum of 16 h before food was returned.

3TC formulations used in in vivo studies were prepared in 70% pro-
pylene glycol, 20% water, and 10% ethanol by volume for oral (30 mg/
mL) and IV (10 mg/mL) administrations, and in 100% sterile water for
SC (30 mg/mL) administration.

The dose of 3TC for oral administration in rats was determined by
allometric scaling from the FDA-approved human dose for HIV using an
average human weight of 62 kg (Walpole et al., 2012). Orally dosed rats
were separated into two groups: oral lipid-free and oral lipid-based. The
oral lipid-based administration group was given an oral gavage of 1 mL/
kg sesame oil followed by 30 mg/kg of oral 3TC formulation, whereas
lipid-free animals were only given the drug formulation without oil.
Lastly, animals in both oral groups were then administered 1 mL of
water via oral gavage. Blood was sampled through the jugular cannula
pre-dose and at 30, 60, 90, 120, 180, 300, 420, and 540 min following
the administration.

The IV dosed rats were administered 10 mg/kg of IV 3TC formulation
as a bolus dose through the previously inserted jugular cannula. The
cannula was then flushed with 1 mL/kg of 100 IU/mL heparinized sa-
line. Blood was sampled through the jugular cannula pre-dose and at 5,
15, 30, 60, 120, 180, 240, and 300 min.

Subcutaneously dosed rats were injected with 10 mg/kg of the SC
3TC formulation at the right side of the base of the tail. Blood was
sampled through the jugular cannula pre-dose and at 5, 10, 15, 30, 60,
120, 180, and 240 min.

At each sampling time point for all administration groups, 0.3 mL of
blood was first withdrawn from the cannula and set aside. Then, an
additional 0.3 mL of blood (actual sample) was collected into the
Eppendorf vials containing K3 ethylenediaminetetraacetic acid (EDTA).
Immediately after, the initial 0.3 mL of blood was injected back into the
animal. Following blood sampling, cannulas were flushed with 0.3 mL of
100 IU/mL heparinized saline. The blood was centrifuged at 3,000 g at
10 °C for 10 min, and the plasma was collected to be sample prepared
and analyzed by means of HPLC-UV as described in section 2.2.

All pharmacokinetic parameters were calculated with Phoenix
WinNonlin 6.3 (Certara, Princeton, NJ, USA) using non-compartmental
analysis.

2.7.2. Biodistribution studies

Rats were fasted overnight prior to the start of the study and were
allowed free access to water at all times. Animals in biodistribution
studies were dosed in the same way as in pharmacokinetic studies as
described in section 2.7.1.

Time points for biodistribution studies were determined based on the
results of pharmacokinetic studies performed in section 2.7.1. Following
dosing, animals were euthanized by CO, inhalation. Times for animal
euthanization were designed to be around the plasma tp,x for oral and
SC administrations. Euthanasia times for orally dosed animals were 30,
60, 90, and 120 min. Euthanasia times for SC dosed animals were 15, 30,
and 60 min. Since IV administration pharmacokinetic profiles do not
have a plasma ty,y, euthanasia times were chosen to be the same as the
SC study for ease of comparison and to track tissue concentrations
throughout the distribution phase. As such, animals in the IV group were
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also euthanized at 15, 30, and 60 min.

Immediately following euthanasia, lymph fluid was sampled from
the superior mesenteric lymph duct in orally dosed animals and 1 mL
blood was drawn from the vena cava in all animals. Lymph fluid was
collected in an Eppendorf containing K3 EDTA to prevent clotting and
kept on ice for a maximum of 3 h until lymph fluid components could be
separated. Blood was collected into an empty Eppendorf tube and
allowed to coagulate at room temperature. To separate serum, the
Eppendorf tubes were centrifuged at 3,000 g at 10 °C for 10 min and the
supernatant was collected.

In orally dosed animals, the following lymph nodes were then
collected: mesenteric, cervical, axillary, brachial, iliac, and popliteal.
Due to the site of the SC injection, for SC and IV dosed animals, inguinal
nodes were additionally gathered, and all lymph nodes (except mesen-
teric) were separated into nodes found on the left or right side of the
body. Lymph nodes were isolated from visceral tissue in all animals
using previously described methodology (Lee et al., 2018; Zgair et al.,
2017). All lymph nodes were weighed. Water was added to MLNs at a
ratio of 1:3 (w/v) and the mixture was homogenized using a Polytron®
PT 10-35 GT homogenizer (Kinematica, Malters, Switzerland). All other
lymph nodes were placed in green bead homogenizer RINO® tubes and
sufficient water to obtain at least 150 pL of sample was added. The
lymph nodes and water inside the RINO® tubes were homogenized
using a Bullet Blender 24 Gold (Next Advance, Troy, NY, USA) (Jewell
et al., 2022).

All serum samples, lymph fluid samples and tissue homogenates
were then prepared following methodology outlined in section 2.2 and
analyzed by means of HPLC-UV.

2.7.3. Separation and analysis of lymph fluid components

Immediately following the biodistribution study, in lymph fluid
samples with>30 pL collected, 5 pL was separated to be analyzed as
“whole lymph”. The remainder was then centrifuged at 420 gat 10 °C for
10 min to pellet the cells. The supernatant was collected, and a density
gradient was built and subsequently ultracentrifuged to separate out the
chylomicrons layer as described in section 2.5. The chylomicrons layer
was analyzed by HPLC-UV for presence of 3TC. The remaining gradient
(with chylomicrons removed) was then evaporated at 40 °C under ni-
trogen overnight to dryness and then reconstituted with 1 mL of water.
This fraction consisting of lymph without both cells and chylomicrons
was considered to be the “fluid only” compartment of lymph and
analyzed by HPLC-UV. The cell pellet was resuspended in PBS and
centrifuged again. After the second centrifugation, the PBS layer was
discarded and 200 pL of fresh PBS was added for a final cell suspension.
The final cell suspension was then analyzed by means of HPLC-UV for
presence of drug.

The “whole lymph” concentration taken in the first step of this sec-
tion was used to calculate mass recovery percentages for each
compartment: “fluid only,” “cells,” and “chylomicrons.”.

Lymph fluid samples with<30 pL collected were diluted with rat
plasma to obtain a sample volume of 150 pL and analyzed by HPLC-UV
directly. These samples did not undergo the separation procedure
described.

2.8. Statistical analysis

Statistical analysis was performed on Prism 9 (GraphPad, Boston,
MA, USA). All data are shown as mean =+ standard error of the mean
(SEM). Statistical significance was determined using one-way ANOVA
followed by Tukey’s test for analysis of differences between three or
more groups, mixed-effects model followed by Sidak’s multiple com-
parisons test for analysis of differences between two groups, or t-tests.
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3. Results
3.1. Partial validation of the HPLC-UV method

The HPLC-UV method for 3TC was found to be linear at concentra-
tions ranging from 15 to 10,000 ng/mL in rat plasma. The LOQ of 15 ng/
mL was found to be accurate and precise with five replicates showing <
20% relative error compared to the nominal concentration and < 20%
CV. All other calibrators showed < 15% relative error.

3.2. Affinity of 3TC to chylomicrons and triglyceride solubility

3TChad a < 1% predicted association with chylomicrons using the in
silico model. Next, 3TC was tested for experimental association with
artificial and natural chylomicrons. For the association with artificial
chylomicrons (Intralipid®), 3TC was not detected as the concentrations,
if any, were below the LOD and LOQ (n = 5). Since the LOQ could detect
association percentages as low as 3%, the association of 3TC with arti-
ficial chylomicrons was therefore < 3%. 3TC’s association with natural
plasma-derived rat chylomicrons was also found to be < 3% (n = 5).

In addition, 3TC solubility in sesame oil was undetectable, meaning
solubility was < 15 pg/mL based on LOQ considerations (n = 3).

3.3. Pharmacokinetics of 3TC following oral, IV and SC administrations

The plasma concentration-time profiles of 3TC following oral lipid-
based, oral lipid-free, IV, and SC administrations are shown in Fig. 1, and
calculated pharmacokinetic parameters are shown in Table 2. Following
t-tests, it was found that oral co-administration with sesame oil did not
have a significant impact on the plasma concentration-time profile or
pharmacokinetic parameters of 3TC.

3.4. Biodistribution of 3TC following oral, IV, and SC administrations

The concentration in the MLNs in the oral lipid-based administration
group was found to be significantly higher than in other lymph nodes
(Fig. 2A). The tissue:serum ratio of 3TC in MLNs was found to be 2.9,
2.3, and 2.6 at 30, 60, and 90 min, respectively. Even at 120 min, which
was approximately the end of the absorption phase, the tissue-to-serum
ratio for MLNs was 1.5 (Fig. 2B).

To test whether this result would be reproducible in animals that
were not given sesame oil (and therefore have reduced or no chylomi-
cron production compared to the oral lipid-based group), a bio-
distribution study was performed at the same time points in an oral
lipid-free group. This study yielded largely similar results, with the
MLNs having significantly higher concentrations than all other lymph
nodes at 30, 60, and 90 min (with the exception of the popliteal node at
90 min) (Fig. 2C and Fig. 2D). Unlike the oral lipid-based group, the

3TC Pharmacokinetic Profile in Male SD Rats

2 100000 e Lipid-Free (n=4), 30 mg/kg PO
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Fig. 1. Plasma concentration-time profiles of 3TC following 30 mg/kg oral
lipid-free (n = 4), 30 mg/kg oral lipid-based (n = 6), 10 mg/kg IV bolus (n = 4),
and 10 mg/kg SC (n = 6) administrations (mean + SEM). 3TC, lamivudine; SD,
Sprague-Dawley; PO, per os/oral; IV, intravenous; SC, subcutaneous.
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Table 2
Pharmacokinetic parameters of 3TC following administration of 3TC in rats
(mean + SEM).

Parameter v Oral SC
(n=4) Lipid-Free Lipid-Based (n=6)
(n=4) (n=6)

t1,2 (min) 52+2 80 + 4 93 +4 41 +4

Cp or Cpax (ng/ 15487 + 2484 + 354 2577 + 457 6179 + 537
mL) 1375

tmax (Min) - 60 60 or 90 10 or 15

AUCy.¢ (ng/ 375929 + 388515 + 495161 + 244983 +
mL*min) 53567 41776 48944 10384

AUCy.ins (ng/ 380474 + 393212 + 508683 + 248043 +
mL*min) 54395 41999 49048 10411

CL (mL/kg/min) 2945 - - -

Vss (mL/kg) 1318 + 244 - - _

F (%) - 34.4%" 44.6%" 65.2%"

t1/2,: half-life; Co: concentration extrapolated to time zero; Cp.x: maximum
observed concentration; tyay: time to reach Cpax, AUC.: area under the curve
from time zero to the last sampling time point; AUCy.ine: area under the curve
from time zero to infinity; CL: clearance; Vs volume of distribution in steady
state; F: bioavailability.

2 Estimated based on the AUCq. iyt

higher 3TC concentration found in the MLNs following lipid-free
administration loses statistical significance at 120 min. Despite the
lack of significance compared to other peripheral nodes, the oral lipid-
free tissue-to-serum ratio for MLNs at 120 min (1.4) was comparable
to the oral lipid-based ratio at the same time point (1.5) (Fig. 2B and
Fig. 2D). In addition, similar to the oral lipid-based group, the tissue:
serum ratios of 3TC concentrations for MLNs in the oral lipid-free group
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were 2.4, 2.3, and 2.2 at 30, 60, and 90 min, respectively.

The tissue:serum ratios for the lymph nodes following oral lipid-free
and lipid-based administrations were compared using t-tests and no
statistically significant differences were found.

In order to shed light on the possible mechanism of 3TC transport
into MLNs following oral administration, lymph fluid collected from the
mesenteric lymph duct was analyzed for concentrations of 3TC in whole
lymph-fluid, as well as in separated “compartments” comprising of
chylomicrons, cells, and fluid-only (Fig. 3). The whole lymph concen-
trations were all similar or higher in comparison to MLNs (Fig. 2).

Out of the 11 animals in which sufficient lymph fluid could be ob-
tained to undergo “compartment” separation (Supplementary Mate-
rial), only one sample had any detectable 3TC in the chylomicrons layer.
In this one sample, the percent of drug recovered in the chylomicrons
layer was only found to be around 1% of the total drug mass in the whole
lymph. This is consistent with our in vitro and ex vivo association ex-
periments, which found that 3TC had a < 3% (undetectable) association
with chylomicrons.

Most of the 3TC was found in the fluid-only compartment, which was
free of cells and chylomicrons. This fluid-only compartment contained
80-91% of the total 3TC found in the lymph. In contrast, while the cell
compartment did appear to contain more 3TC compared to the chylo-
microns layer, the cells only contributed to about 1-4% of the total drug
found in lymph.

Next, biodistribution studies following SC administration were per-
formed. At 15 min, the concentrations of 3TC in the right-side (admin-
istration side) inguinal and popliteal nodes were found to be
significantly higher compared to the corresponding left-side nodes
(Fig. 4A and Fig. 4B). This pattern carried on to the 30- and 60- minute
time points, in which the right-side inguinal nodes had significantly
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Fig. 2. The distribution of 3TC into lymph nodes following 30 mg/kg oral lipid-based (A and B) and 30 mg/kg oral lipid-free (C and D) administrations (mean +
SEM). For lipid-based, n = 4, 5, 6, and 5 for 30, 60, 90, and 120 min respectively. For lipid-free, n = 5, 4, 5, and 4 for 30, 60, 90, and 120 min respectively. One-way

ANOVA followed by Tukey’s test was used for statistical analysis. Asterisks denote significance against MLNs. *p < 0.05, **p < 0.01, ***p < 0.001,

ns-p > 0.05. 3TC, lamivudine; MLN, mesenteric lymph node.
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Fig. 3. Recovery of 3TC in cell-free chylomicrons-free lymph fluid, cells, and
chylomicrons compartments as a percentage contribution to whole lymph. Data
are represented as mean + SEM, n = 4, 3, 1, and 3 for 30, 60, 90, and 120 min
respectively as outlined in the Supplementary Material.

higher concentrations of 3TC compared to the left-side nodes (Fig. 4C
and Fig. 4D). At 60 min, the right-side popliteal node tissue:serum ratio
was still significantly higher than that of the MLNs and right-side cer-
vical, axillary, brachial, and iliac nodes. Similarly, the 60-minute right-
side inguinal node tissue:serum ratio was significantly higher than the
MLNs and right-side cervical and brachial nodes.

An additional biodistribution study was performed following IV
administration. Following an IV 3TC bolus, the lymph nodes did not
show any significant difference between the left- and right- sides at any
time point (Fig. 5). In addition, there were no differences in concen-
trations or tissue:serum ratios between the types of lymph nodes at all
time points. The tissue:serum ratios of the lymph nodes following IV
administration range from 0.9 to 1.4 regardless of time of euthanasia
(Fig. 5B, Fig. 5D and Fig. 5F).

4. Discussion

3TC is a very hydrophilic NRTI, with a clogP of —0.71 (ACD/I-Lab).
Through in silico, in vitro and ex vivo experiments performed in this
study, it was confirmed that 3TC does not associate with chylomicrons.
Therefore, its in vivo transport into MLNSs following oral administration
was expected to be low, even in the presence of long-chain lipids.

However, biodistribution studies following oral lipid-based admin-
istration showed substantially higher concentrations of 3TC in MLNs
compared to serum and other lymph nodes. This was unexpected as 3TC
does not associate with chylomicrons and therefore, as per previous
literature (Gershkovich and Hoffman, 2005), should not be transported
directly into intestinal lymphatics to any significant extent following
oral administration. The biodistribution study was repeated with an oral
lipid-free administration, which again resulted in high MLN concentra-
tions compared to serum and other lymph nodes. The MLNs tissue:serum
ratios in the oral lipid-based group is similar to those in the oral lipid-
free group. Because the oral lipid-free group animals did not receive
sesame oil and therefore had reduced chylomicron production compared
to the oral lipid-based group, the mechanism by which 3TC was trans-
ported into intestinal lymphatics is not likely to be through association
with chylomicrons.

When different compartments of lymph were analyzed, it was found
that 80-91% of drug was in the “fluid only” fraction. Except for one
sample, there was an undetectable amount of 3TC in chylomicrons, and
< 4% of the total drug in lymph was found in cells. This suggests that the
mechanism by which 3TC is transported into lymph nodes and fluid is
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not related to transport into lymph cells or through association with
chylomicrons. The low-to-no association with chylomicrons in in vivo
biodistribution studies is consistent with the in silico, in vitro, and ex vivo
association experiments performed. In regard to low amounts of drug
found in the cell fraction, this finding is consistent with previous data of
intracellular concentrations of 3TC, especially in lymph node cells
compared to peripheral blood mononuclear cells (PBMCs) (Bourry et al.,
2010). This is not limited to lymphocytes, and low intracellular con-
centrations of 3TC compared to extracellular concentrations have been
reported in other matrices such as seminal fluid (Dumond et al., 2008).

Next, SC injections of 3TC solubilized in water were tested to see if
this phenomenon of enhanced drug delivery to the draining lymph nodes
could be reproduced for other routes of administration. Tilney reported
in 1971 that the site of SC injection at the base of the tail should be
drained by the corresponding inguinal node (Tilney, 1971), which ex-
plains the difference in concentrations between the left- and right-
inguinal nodes observed in this work. In regard to the difference be-
tween the popliteal nodes, when comparing the primary draining lymph
nodes that Tilney described versus the site of SC injection in our work, it
is possible that the site of injection is at the border of the inguinal-
drained-region and the inguinal-plus-gluteal-drained-region of the tail
(Fig. 6). Considering that the popliteal node efferently drains the gluteal
node (Tilney, 1971), the significantly higher right-side compared to the
left-side popliteal node concentration observed in this study may be due
to initial draining at the gluteal node and subsequent draining into the
popliteal node.

Although not statistically significant, it is also worth noting that the
axillary nodes, which drain the inguinal nodes, exhibit a trend for higher
concentrations on the right side compared to the left at 30 min. The lack
of significant difference between the right and left sides in lymph nodes
that are remote from the site of injection may be because lymph nodes
are vascularized tissues. High endothelial venules (HEVs) not only allow
for cell migration into lymph nodes, but also for solute and fluid ex-
change between lymph nodes and blood circulation (Thomas et al.,
2016). As such, some drug in the lymph fluid may be lost to blood via
exchange through HEVs in the inguinal lymph node chain before
reaching the axillary nodes.

Lastly, lymph node biodistribution of 3TC following an IV bolus was
assessed, which showed no significant difference between left- and right-
side nodes or between different types of lymph nodes. As distribution
into lymph nodes after an IV dose can only be due to redistribution from
blood, the lack of difference between left and right sides supports the
explanation for the differences that were observed in right-side and left-
side draining lymph nodes following an SC injection. The lack of sig-
nificant difference between different lymph nodes in the IV-
administration group also demonstrates that the high concentrations
of 3TC found in MLNs following oral administration are not due to
redistribution from blood. Instead, these high concentrations are likely
due to direct lymphatic transport from the gut.

Previous studies show that drugs with moderate-or-low hydrophi-
licity and negligible association with chylomicrons exhibit poor intes-
tinal lymphatic transport following oral administration (Chu et al.,
2023; Han et al., 2014; Labarthe et al., 2022; Lee et al., 2018; Qin et al.,
2021). In these studies, the concentrations of drugs in intestinal lym-
phatics were much lower than in serum. To contrast, one study exam-
ining the highly hydrophilic drug levodopa showed concentrations in
intestinal lymph fluid slightly higher than plasma at tpax following oral
administration (Garzon-Aburbeh et al., 1986). Another study examined
MLNs following oral administration of NRTIs TDF and emtricitabine and
found higher concentrations in MLNs compared to plasma at 24 h post-
dose. In the same study, another anti-HIV drug, dolutegravir, showed a
low MLN tissue:plasma ratio (Labarthe et al., 2022). The authors hy-
pothesized that NRTIs penetrate into tissues at higher concentrations
compared to dolutegravir due to lower molecular weight and protein
binding, thus allowing drug to redistribute away from blood (Labarthe
et al., 2022). Whilst this may contribute to higher distribution of 3TC
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Fig. 4. The distribution of 3TC into left- and right- side lymph nodes (except for MLNs) following a 10 mg/kg SC administration at the base of the tail at 15 min (A
and B), 30 min (C and D), and 60 min (E and F) (mean + SEM, n = 4 for each time point). Mixed-effects model followed by Sidak’s multiple comparisons test was
used for statistical analysis. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 3TC, lamivudine; SC, subcutaneous; MLN, mesenteric lymph nodes.

into lymph nodes following IV administration, this does not explain why
we found about twice as high concentrations in MLNs compared to other
lymph nodes in oral-administration biodistribution studies.

Regarding SC dosing, one previous study in mice examined lymph
nodes’ concentrations of various antiretrovirals and found high con-
centrations of all drugs in pooled inguinal, axillary, and cervical lymph

nodes following SC administration (Dyavar et al., 2021). Interestingly,
out of all the drugs tested in that study, the drug with the highest
penetration into lymph nodes following SC administration was TDF,
another NRTI, which had a tissue:serum ratio of 21.0. A different pro-
drug of tenofovir, TAF, was also assessed, but tissue:serum ratios ach-
ieved were much lower than TDF, but still relatively high (1.9). Another
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SC administration study also found higher tissue:serum ratios of NRTIs
emtricitabine and tenofovir (Burgunder et al., 2019), although eutha-
nasia times in that study do not appear to be designed around the ab-
sorption phase. The authors checked for several common drug
transporter proteins and corresponding gene expression in lymph nodes,
but did not find any in substantial quantities. As a result, they concluded
that the high concentrations found in lymph nodes was due to passive
diffusion. However, of the transporters tested, proteins for organic

cation transporter (OCT) 3, for which 3TC is a substrate for, were
detected in lymph nodes in non-human primates (NHPs), albeit in low
quantities, in lymph nodes. It was also found that mouse gene expression
for OCT3 was higher than found in NHPs. To note, a separate study
found low-to-undetectable gene expression for other HIV drug trans-
porters (multidrug resistance-associated protein [MRP] 2, organic anion
transporting polypeptide [OATP] 1B1, organic anion transporter [OAT]
1, concentrative nucleoside transporter [CNT] 1 and equilibrative
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Fig. 6. The site of the SC injection is marked with a yellow star. This drawing is
based on images from Tilney’s 1971 publication Patterns of Lymphatic
Drainage in the Adult Laboratory Rat (Tilney, 1971). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

nucleoside transporter [ENT] 2), yet observed expression of transporter
proteins (Huang et al., 2016).

There appears to be a pattern for all of these previous studies.
Levodopa, which achieved a slightly higher concentration in intestinal
lymph compared to plasma (Garzon-Aburbeh et al., 1986), is absorbed
from the intestine via transporters b%* AT-rBAT, LAT2-4F2hc, and TAT1
(Camargo et al., 2014). Emtricitabine is BCS Class III and can utilize
CNT1 transporters to achieve uptake by intestinal enterocytes (Anderson
etal., 2011; Shugarts and Benet, 2009). Although tenofovir prodrugs do
not appear to utilize transporters for intestinal absorption, both TDF and
TAF are BCS Class III drugs with low permeability. These drugs achieved
high concentrations in lymph nodes or lymph in previous studies (Chu
et al., 2023; Burgunder et al.,, 2019; Dyavar et al., 2021; Garzon-
Aburbeh et al., 1986; Labarthe et al., 2022). This contrasts with lopi-
navir, bexarotene, mycophenolic acid, and dolutegravir, which showed
low tissue:serum ratios in MLNs (Han et al., 2014; Labarthe et al., 2022;
Lee et al., 2018; Qin et al., 2021), and are all BCS Class II drugs exhib-
iting high passive membrane permeability (Chaudhary et al., 2021;
Reese et al., 2013; Savla et al., 2017) and do not rely on transporters for
bioavailability.

BCS Class III drugs such as 3TC suffer from poor permeability and
typically rely on transporters instead of passive diffusion for intestinal
absorption following oral administration (Hu et al., 2015). Highly hy-
drophilic drugs, such as 3TC, usually stay mostly in the central
compartment or other highly perfused organs and have a low volume of
distribution (Mansoor and Mahabadi, 2022). In our pharmacokinetic
studies, 3TC’s volume of distribution is 1.318 L/kg, which is relatively
high given the drug’s hydrophilicity. This high volume of distribution is
closely reflected in rat data submitted to the FDA for lamivudine
approval (Glaxo Wellcome Inc., 1995) as well as in human data (John-
son et al., 1999). CNT1 and OCT3, which 3TC is a substrate for (Hu et al.,
2015; Mallayasamy and Penzak, 2019), can be found on the luminal side
of intestinal enterocytes (Shugarts and Benet, 2009), allowing for 3TC to
penetrate these cells, leading to a relatively high oral bioavailability.
Indeed, OCT3 was one of the few transporters in which Burgunder et al.
found protein expression in low-but-detectable quantities in NHPs
(Burgunder et al., 2019), while presence of CNT1 was not examined.
Since observed concentrations of drug in lymph nodes were often
slightly higher compared to serum in IV-administration biodistribution
studies, and because the concentrations of 3TC in other tissues,
including the lungs (which are highly blood-perfused), are consistently
lower than serum (Supplementary Material, Fig. S1), we hypothesize
that 3TC at least in part enters the lymphatics through transporters on
HEVs in lymph nodes, although further studies will be necessary to
confirm this hypothesis.

In SC-dosed biodistribution studies, concentrations in draining
lymph nodes were around 3 times higher compared to serum. However,
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in terms of mass-balance, more of the drug injected was likely taken up
into blood compared to lymph. Lymph nodes are small tissues and even
low quantities of drug could lead to high concentrations. It is possible
that a hydrophilic molecule like 3TC may exhibit relatively slow
permeability into blood capillaries compared to BCS Class II drugs.
Because of this, drug may build up in the lamina propria or site of SC
injection. Therefore, more 3TC may be available to be passively trans-
ported into lymph capillaries compared to other highly permeable drugs
that enter blood capillaries more quickly. Enough 3TC is passively
transported directly into draining lymphatics, resulting in high tissue:
serum ratios. The passive absorption mechanism at the lymph capillaries
(in contrast to a proposed active transport mechanism at HEVS) is sup-
ported by a study conducted using emtricitabine (structurally very
similar to 3TC), which observed low concentrations inside human
lymphatic endothelial cells (LECs) in vitro (Dyavar et al., 2019). Further
studies are necessary to confirm whether this is the case for 3TC.

Despite high concentrations of 3TC in MLNs following oral admin-
istration and penetration into all other lymph nodes, viral DNA and RNA
can still be found in lymphatic tissues in patients on suppressive ART
regimens that include 3TC (Fletcher et al., 2022). This may be due to
several reasons. Firstly, the concentrations of 3TC have been found to be
lower in lymph node cells compared to PBMCs (Bourry et al., 2010).
Secondly, antiretroviral drugs (ARVs) distribution within the lymph
node may have an impact on viral replication. A recent study showed
ARVs distribution within the lymph nodes is heterogenous, and different
drugs may penetrate different regions (Rosen et al., 2022). Sites with
low concentrations may exhibit viral replication and result in newly
infected cells (Boritz and Douek, 2017; Fletcher et al., 2014). Lastly,
recent studies show that clonal cellular proliferation is the main
contributor to HIV-1 persistence in lymph nodes (McManus et al., 2019).
Unfortunately, ARVs such as 3TC do not stop clonal proliferation (Yeh
et al., 2021). To fully address HIV reservoir expansion in lymph nodes,
there will be a need to: 1) address low intracellular ARVs concentrations
in lymph nodes 2) explore ARVs targeting to all sections of the lymph
node and 3) develop new drug therapy to stop reservoir growth through
clonal expansion.

Our studies show that SC injection of a simple aqueous solution
formulation of 3TC can achieve concentrations 3 times higher in
draining lymph nodes compared to serum. Although current literature
frequently cites the need for nanoformulations of small molecules to
target drainage of intramuscular, SC, or transdermal doses into the
lymphatics instead of blood (Permana et al., 2021; Yang and Forrest,
2016), our SC biodistribution studies show that this is not always
necessary.

As the T cell zone can be found in the lymph node paracortex (Hunter
et al., 2016), it is important for ARVs to penetrate this area. The lymph
node conduit system connects afferent lymph flow from the subcapsular
sinus to the paracortex and is made up of microchannels with further
size restrictions due to a network of collagen (Stranford and Ruddle,
2012). This conduit system filters particles > 70 kDa, limiting access to
the paracortex (Roozendaal et al., 2008). Since small molecules may
more effectively target the T cell zone compared to nanoformulations, it
could be useful to understand the mechanism by which 3TC is drained
into peripheral lymphatics. Understanding this mechanism could be
useful in delivering other ARVs to injection-site-draining lymph nodes
through SC or transdermal administrations.

Although biodistribution studies as performed in this paper may be
difficult to perform in humans, further studies performed in other higher
animals such as non-human primates could be beneficial. Because the
purpose of targeting 3TC to lymph nodes is to improve the treatment of
HIV, it is important to determine if this targeting method is translatable
to other species.

5. Conclusion

In this study, we observed 3TC concentrations in draining lymph
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nodes approximately 2 to 3 times higher than in serum following oral
and SC administrations. Following IV administration, concentrations in
lymph nodes were also slightly higher than serum, but to a lower extent
than draining lymph nodes in the oral and SC groups.

A combined oral and SC or transdermal administration of 3TC could
be potentially used to effectively deliver the drug into lymph nodes
throughout the body, which is essential for the treatment of HIV.
Delivering antiviral drugs to lymph nodes all over the body early upon
acute infection could help reduce the size of forming reservoir. In
addition, although viral replication does not contribute largely to HIV
reservoir in lymph nodes in ART-controlled patients, increasing antiviral
drug concentrations may assist in reducing the size of viral reservoir at
chronic stage of the condition. Lastly, enhancing latency reversal agent
and antiviral drug delivery to sites of latent reservoir may assist in
decreasing the reservoir size if used in conjunction with novel curative
strategies such as the shock-and-kill approach.
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